Introduction
Gold nanoparticles (AuNPs)h ave emerged as an excellent material for applications in chemical and biological sensing, [1] renewable energy (solar cells [2, 3] ), catalysis, [4, 5] and biomedical applications [6] [7] [8] [9] [10] [11] [12] [13] (drug delivery,i maging, and therapeutic agents) due to their specific unique properties such as surfaceplasmon resonance (SPR) and high biocompatibility. [14] SPR causes the oscillation of conduction electrons on the surface of the nanoparticles, stimulated by incident light,a nd thus, AuNPs have good physical, chemical, and optical properties. [15, 16] As gold (Au) is known as the most corrosive-resistant metal in this world, [17] AuNPs also have the same nature.M oreover,A uNPs are biologically unreactive and, due to their high surfacea rea to volume ratio, they can be conjugated and functionalized with proteins, peptides, and medical drugs. [18, 19] During the last two decades, much effort has been devoted to the development of production/synthesis techniques,a nd the different approaches focus on control of the parameters to reach an appropriate size, morphology,s tability,o rf unctionality of the AuNPs. The different production methodsc an be divided into bottom-up and top-down approaches. Bottom-up approaches include sol-gel, chemical vapor deposition, flame spray synthesis, various pyrolysis, and atomic or molecular condensation. [20] [21] [22] To p-downa pproaches include laser ablation, nanolithography,a nd high-energym illing. [23, 24] Currently,t hese methods are suitable for the production of small quantitieso f nanoparticles (NPs) with major variations in the shapes and sizes of the NPs as ar esult of the productiono fd ifferent batches. The emergingt echniqueo fc hoice for the mass productiono fA uNPs is ultrasonic spray pyrolysis (USP). [25, 26] It belongs to the pyrolysis class and is as ynthesist echnique that is capable of producing continuous metal and metal-oxide NPs with different sizes and morphologies. It has numerous advantages over conventional wet-chemical methods, as it is relaHerein, we report for the first time the successful preparation of ag old(III) nitrate [Au(NO 3 ) 3 ]w ater-based precursor for use in ab ottom-up ultrasonic spray pyrolysis (USP) process. Due to its limited solubilityi nw ater,t he precursor wasp repared under reflux conditions with nitric acid (HNO 3 )a st he solvent and ammonium hydroxide (NH 4 OH) as an eutralizer.T his precursor enabled the USP synthesis of gold nanoparticles (AuNPs) and the in situ formation of low concentrations of NO 2 À and NO 3 À ions, which were caught directly in deionized water in ac ollection system. These ions were provent oa ct as stabilizers for the AuNPs.I nvestigations showedt hat the AuNPs were monodispersed and sphericallys haped with as ize distribution over three groups: the first contained 5.3 %A uNPs with diameters (2 r) < 15 nm, the second contained 82.5 % AuNPs with 2 r between 15 and 200 nm, and the thirdc ontained 12.2 %A uNPs with 2 r > 200 nm. UV/Vis spectroscopy revealed the maximum absorbance band of the AuNPs at l = 528 nm. Additionally,s canning transmission electron microscopy (STEM) observations of the smallest AuNPs (2 r < 5nm) revealed atomically resolved coalescence phenomena induced by interaction with the electron beam. Four stages of the particle-growthp rocess were distinguished: 1) movement and rotation of the AuNPs;2 )necking mechanism;3 )orientated attachment at matching facets;4 )reshaping of the AuNPs by surface diffusion. This provided important insight into the formation/ synthesis processo ft he AuNPs.
tively simple in construction, flexible in that different ranges of materials with narrow size distributionsa nd varied shapes can be synthesized,a nd even economical, as it operates continuously at ambient pressure andt emperature. [27] [28] [29] USP comprises the following stages:1 )formation of micron-sizeda erosol droplets of the startingw ater solution of the metal salt by atomization through ultrasonic nebulizersa nd their transport throught he carrierg as nitrogen (N 2 ); 2) evaporation of the solvent contentoft he aerosoldroplets of the metal salt;3 )chemical reduction and thermal decomposition of the dried solute particles of the metal intoN Ps with the help of ar educing agent [such as hydrogen( H 2 )];4 )collection of the synthesized NPs in the desired suitable form (colloidal suspensiono rd ry powder). Therea re an umber of mechanismsa ssociated with the transformation of aerosol droplets into the final NPs, but the most studied are droplet-to-particle and gas-to-particle mechanisms. Therefore, it is understandable that the size distribution of the formed NPs is mostly defined by the aerosol droplets ize distribution. The correlation formulated by Lang [30] can be used to calculate these droplet sizes (see details in the Supporting Information, SectionSA). The evaporation and reaction stages depend on the residence time of the aerosol precursor droplets at the evaporation zone and the dried solute particles at the reaction zone. The residence time of the droplets/particles inside the reaction zones is influenced mostly by the kinematics of the gas flow rate. It is important that the particle formation time must be shorter than the residence time of these aerosold roplets so that they can be transformed into the final AuNPs. [31] Calculation of the residence time can be found in Section SB.
In the synthesis of AuNPs, tetrachloroaurate in hydrate form [HAuCl 4 H 2 O, so-called gold(III) chloride] is the most commonly reporteda nd used precursor mainly due to its complete solubility in commons olvents such as water. [32] [33] [34] [35] [36] However,t his precursor causes the in-growth and transformation of AuNPs into ap olydisperse size-range distribution and also poisons the active surfaces of the AuNPs. Polydispersity in the size distributions of the AuNPs is ar esult of the formation of large clusters due to coalescence and agglomeration phenomena, whereas poisoning of the active sites limits the functionality of AuNPs in different biomedical andc atalysis applications. [37] [38] [39] [40] [41] Although many attempts with differents tabilizers, such as sodium citrate and polyethylene glycol, in the past years have been made to controla nd eliminate these effects from the use of an HAuCl 4 precursor,t hey have all been unsuccessful. Apart from this, other chloride-free precursors, such as Au(NO 3 ) 3 3 ], have been proposed as promising candidates. [42] [43] [44] [45] These gold salts were reported to be solid and crystalline at low relative humidity (RH), partially insoluble in common solvents, and, in addition, usually decomposei n water. [46] [47] [48] In the literature, Au(CH 3 COO) 3 was shown to have tremendousp otential to expand the compositiona nd architecture of AuNPs. [49] In the last reported work, our research group showedand investigated the successful preparation of the precursor of AuNPs starting from Au(CH 3 COO) 3 in addition to the synthesis of AuNPs in water solutions by using USP.T his resulted in the presence of as mall amount of Cl À ions in the colloidal suspensiono ft he AuNPs. Thereby,t he searchf or ac hloride-free precursor has continued and has opened the path for Au(NO 3 ) 3 as the next promising candidate. In aU .S. patent, [42] the Au(NO 3 ) 3 precursor was preparedb yd issolving gold(III) oxide powder in concentrated HNO 3 .H owever,t he literature lacks content in the direct use of commerciallya vailable Au(NO 3 ) 3 powder,w hichi sp oorly soluble in water.T herefore, investigation of the whole process of preparing as oluble and chemically stable water-basedA u(NO 3 ) 3 precursor is highly important and remains am ajor challenge for further usei nt he synthesis of AuNPs. [51] Thus, it deserves deep exploration. In the best of the reportedw orks to date, the chemical preparation of the commercially availableA u(NO 3 ) 3 precursor was not previously studied with USP.C onsequently,t he main aim of this work wast ot est and establish Au(NO 3 ) 3 as an ew and reliable Cl À -free precursor for the controlled scale-upU SP synthesis of monodispersed colloidal AuNPs having spherical shapes andf inal higher concentrationsi ns uspension form. On this basis, the preparationo fA u(NO 3 ) 3 herein presented does not suffer from any chemical solubility or stability issues, and the process can be scaled up for the USP synthesis of AuNPs with different characterization techniques. The chemicalr eactivity of the Au(NO 3 ) 3 precursor was investigated through thermogravimetrica nalysis-differential thermal( TGA-DT) measurements, whereas the chemical properties of the synthesized AuNPsw ere determined through energy-dispersive X-ray (EDX) spectroscopy and optical emission spectrometry with inductively coupled plasma (ICP-OES) analysis. The physical properties of the AuNPs were interpretedw ith the helpo ft ransmission electron microscopy (TEM), dynamic light scattering (DLS), and ultraviolet-visible (UV/Vis) spectroscopy measurements. The electron interaction phenomenao ft he AuNPs were investigated with the use of the scanning transmission electron microscopy (STEM) technique.
Results and Discussion
The investigation and testing of Au(NO 3 ) 3 as an ew precursor for the synthesis of AuNPs through USP depends on its chemical reactivity in the high-and low-temperature ranges and its chemicals olubility in water-based solution. Ther eactivity was investigated through TGA-DT measurements, and its solubility was tested through mechanical (magnetic stirring with heating and ultrasonication) and chemical decomposition methods (heatingu nder reflux conditions). After the successful preparation of the stable Au(NO 3 ) 3 precursor,i tw as inspected for several trials in USP before the optimal parameters for evaporation, reaction-zone temperatures, and gas flow rates of the carrier and reducing gases werefound.
Thermal Analysis of the Decomposition of Au(NO 3 ) 3
In understanding the process of preparing the new Au(NO 3 ) 3 precursor for the synthesis of AuNPs through USP,T GA-DT analysish elped in determiningt he chemical decomposition reactions of Au(NO 3 ) 3 ,i na ddition to its decomposition tempera- 3 ]u sually occurs in two stages:c hemical dissociation and reduction.I n general,d ecomposition is initiated by dissociation of the NÀO bond presentinthe nitrate ion. As Au(NO 3 ) 3 is heated, sublimation takes its initial course, which gives stable molecular vapors,a nd this is followed by decomposition into metal cations (Au 3 + )a nd nitrate anions (NO 3 À ). The metal cation influences the decomposition reaction through its ability to distort the nitrate ion. [52] [53] [54] Finally,r eduction of the Au 3 + cation into pure Au at ah igh temperature takes place.
The TGA-DT curveso btained during heating of Au(NO 3 ) 3 show complete dissociation over two endothermic stages within different temperature ranges( Figure S1 :T GA-DT). The first step can be attributed to initial decomposition, and it starts at about 80 8Ca nd extends up to 160 8Cw ith aw eightloss percent of 5.9 %. This decomposition under aN 2 atmosphere does not have any noticeable influence on resultant anhydrous Au(NO 3 ) 3 .A st he dissociation of the NÀOb ond starts, the rate of decomposition of Au(NO 3 ) 3 will be fast, as the strength and bond order of the NÀOb ondd ecreases. On the other hand, Au 3 + ions have al ow charged ensity,w hich makes them ineffective in polarizing the NO 3 À ions at low decomposition temperatures. This behavior of the Au 3 + ions will keep the NO 3 À ions intact togethera tl ower temperatures until thermal forces overcome the ionic bond, which then leads to decomposition. [54] This overcoming of the thermal force occurs as a result of the second step, which occurs over the range of about 220 to 420 8Cw ith am aximum weight loss of 16.9 %. This results in complete dissociation of the Au 3 + and NO 3 À ions. The final reduction of Au 3 + into pure Au occurs in the range of 480 to 800 8Cw ith 6.8 %w eightl oss. Thus,t op romote the evaporation of the aerosol droplets and thermald ecomposition for chemical conversion and nucleation and growth of the AuNPs from Au(NO 3 ) 3 in the USP,t he evaporation temperature should be kept in the range of 140 to 160 8C, whereas the reaction temperature should be in the 500-600 8C range. The gas flow rates in both heatingz ones will lead to faster heating rates in USP.T hus, initial decomposition will start at ah ighert emperature than that measured by TGA-DT. As the residence time of the precursor in the reactionzone will be too short, ar eduction gas, that is, H 2 ,i sn eededa tt he start of the reactionz one to obtain the AuNPs. Some experimental trials were done in the absence of H 2 gas, and no AuNPs were formed.
The decomposition reaction can be predicted as [Eqs.
(1) and (2)]:
Preparation of the Au(NO 3 ) 3 Precursor and Synthesis of AuNPs
Au(NO 3 ) 3 was tested to increase its solubility in water;however, the desired clear yellow solutionw as obtained only with heating under reflux conditions (T 100 8C, t = 1h;F igures 1b and S1:U SP). HNO 3 with a3 5% water contentw as added as the solvent. The Au(NO 3 ) 3 solute powder didn ot take up the added solvent significantly until acritical RH limit and solubility were reached. After 45 min, ap hase transition occurred, and the solute particles were dissolved, which produced as aturated solution that was used with USP.A st his solution was highly acidic (pH 0-1) and could damage the membranes of the ultrasonic generator if used, NH 4 OH with a7 5% water content was added forn eutralization (pH 6-7). This unique combination, containing Au 3 + ,N O 3 À ,a nd NH 4 + ions anda nH 2 Om olecule, is shown in Figure 1d as the precursor.T hiss olution was found to be stable for about 1month. Consequently,d ue to the NO 3 À and NH 4 + ions, NH 4 NO 3 was formed as ab yproduct in the reaction. The addition of HNO 3 and NH 4 OH slightly changed the rheological properties relative to thoseo fd eionized water (see Ta ble 1). The density of the combinations olution was higher than that of deionized water,a nd thereby,t he USP generator required ab it more input power to produce the same amount of aerosola st hat produced with other water-based precursors. The lower value of the surface tension allowed more stable aerosold roplets to be formed, which consequently resulted in spherically shaped AuNPs. [55] The precursor contained more than half its volumei nw ater molecules because of the initial dilution, and at hick cloud of aerosol,c alled the primary droplets, was formed in theg enerator as desired (Figure 1d :a erosold roplet). The droplets were carriedi ntot he evaporation zone, maintained at T 150 8C, with the help of N 2 as the carrier gas, and in this zone they began to evaporate and shrink. This shrinkage and dehydration of the water content from the solute particles of Au(NO 3 ) 3 increasest he concentrationo fA ui nside the evaporated droplet [56, 57] (Figure 1d :evaporation). Microexplosions of these primary droplets then occurred to give smaller droplets, and this led to the formationo fs econdary droplets in the reaction zone maintained at T 600 8C. This occurred duet os upersaturation and precipitation phenomena of the concentrated solute. These dried precipitated particlest hen underwent thermalc onversion and fast reduction with the help of H 2 gas to give fine AuNPs. [58, 59] The role of H 2 gas as ar educinga gent in the reactionz one was to provide sufficient reduction energy for the dried aerosol particles containing Au 3 + ions to be converted into pure AuNPs. By using H 2 gas in the reactionz one, the required temperature for the creation of AuNPs could be reduced considerably relative to the neutrala tmosphere. [57] The intermediate product, ammonium nitrate (NH 4 NO 3 ), in the aerosold roplets after the evaporation of water startedt om elt and immediately decomposed due to the high temperature of the reaction zone ( % 600 8C). NH 4 NO 3 decomposest oN 2 Oa nd water at temperatures of 170-400 8C, whereas at temperatures above 400 8C, it may decompose into water,n itrogen, and NO or into water,n i- [60, 61] Upon heating NH 4 NO 3 quickly,p roducts such as water,n itrogen, and oxygen or water,n itrogen, NO, and NO 2 are most likely to be formed. [62] With the helpo fi onchromatography detection tests, it was confirmed that NO 2 À and NO 3 À ions were formed (Figure 1d :thermal decomposition and hydrogen reduction). The final AuNPs were collected in bottlesc ontaining deionized water.T he NO 2 À and NO 3 À ions were also subsequently carried away to collection bottles ( Figure 1d: A uNPs). The in situ formationo ft hese ions played an important role in the stabilization of the AuNPs in deionized water ando ver the course of 9months prevented agglomeration and coagulation of the AuNPs. Thus, no additional stabilizer was required in the final collection state. The gas flow rates of H 2 and N 2 were found to affect the kinematics of the mechanismo fformation of the AuNPsi nt he reaction chamber.I tw as determined that at high flow rates of the N 2 andH 2 gases (each 2Lmin À1 ), the residence times of the aerosols and dried particlesc alculateda tt he evaporation Figure 1 . Schematic representation of the synthesis of AuNPs from the Au(NO 3 ) 3 precursor.a )initial material and b) solubility testing of the Au(NO 3 ) 3 precursor:HNO 3 was added to the initial Au(NO 3 ) 3 powder. The mixture was heated at reflux at T 100 8Cand ay ellow-colored solution was obtained with pH 0-1. NH 4 OH was added to neutralize the refluxing solution to pH 6-7. As olution of the Au(NO 3 ) 3 precursorw as achieved with ag old concentrationo f2 .5 gL À1 . c) Experiments withU SP for AuNPs synthesis:anu ltrasonicg eneratorw ith af requencyof1 .6 MHzc reated aerosoldroplets from the precursor,and these droplets werecarriedaway in quartz transport tubes with the help of N 2 as the carrier gas (1 Lmin À1 )tothe evaporation zone (maintained at 150 8C) and reaction zone (maintained at 600 8C). H 2 gas (1 Lmin À1 )e ntered directlyt he reaction zone and was used as ar educingagent. The AuNPsw ere collected in deionized water in bottles (seen as ap ink-colored solution). Ad igital camera located at the end of the reaction zone was used to measure the area coveredb yaerosol dropletsi nthe evaporation zone.d )Structural representation: it represents schematically the initiali onicstate, as well as their changes from the precursor solution to AuNPsatd ifferent stages:precursor preparation, aerosoldroplet generation, evaporation of water and shrinkage of aerosol droplet, thermal decomposition, hydrogen reduction, and collectiono fA uNPs in deionizedw ater with NO 3 À and NO 2 À ions. , the residence times were2 .4 and 0.7 s, respectively,w ith a total of 3.1 s. This flow was also not sufficient to complete the formation mechanism.T herefore, the flow rate was reduced furthert o1Lmin
À1 and, as ac onsequence, the residence time increased to 3.7 and 0.8 s( total of 4.5 s). These parameters were sufficient for successful results.As chematic illustration of the complete mechanism is shown in Figure S2 . Calculation of residence times can be found in SectionSB. The cross-sectional areas covered by the aerosola tt hese gas flow rates in the transport tubes were measured at the entering surface plane in the evaporation zone with the help of ad igital camera (Figure S2) . The calculated percentages of cross-sectionala reas covereda th igh, medium, and low gas flow rates were5 2.0, 45.9, and 38.4 %o ft he entering plane,r espectively.U pon going from high to low gasf lows, the volume of the aerosol enteringt he evaporation zoned ecreases. The lowest volume was the most optimum to complete the process.
Size Distribution through DLS and z Potential
The principle of DLS is based on Rayleigh scattering, which occurs due to the Brownian motion of AuNPs that are smaller in size than the incident light wavelength at af ixed scattering angle. [63] The reason behind choosing this technique for the size distribution is due to the spherical shape of the NPs, which wasa lready assumed in the analysis. DLS analysisr evealed three different groups of particlesw ith different size distributions (in number percent): group 1c ontained 5.3 % AuNPs with ad iameter (2 r) < 15 nm, group 2c ontained 82.5 % AuNPs with 2 r between 15 and 200 nm, and group 3c ontained 12.2 %A uNPs with 2 r > 200 nm. Ah istogramo ft he DLS data is shown in Figure2a. The surface z potential with standard deviation (SD) was (33.5 AE 2.1) mV.T his value indicates the stability of the AuNPsa nd their ability to resist coalescence and agglomerationfor up to aminimum of 9months. [63] 
TEM Characterization
The AuNPss ynthesized in the final confirmatorye xperiments were studied by TEM (Figures 2b,c) . The particles exhibit a polycrystalline quasispherical shapew ith ah ollow center (Figures 2e,f) . It is possible to distinguish that the density of Au in as ingle AuNP is not uniform,p robablyd ue to the fact that the diffusion of [Au] during the sintering process is more prominent in the outer radius of the surfacet han in the center.T his can be seen on the energy-dispersive X-ray (EDX) spectroscopy maps in Figure 2d ,g,i nw hich al ower Au signal is recorded at the center of the particles. The multiple spots from the electron diffractionp attern reveal that the AuNP is composed of severalg rains, and the measuredd istance corresponds well with the characteristicl attice distances of Au (Figure 2e ). The AuNPs appear as am onodispersed suspension,a st hey do not agglomerate. The average mean diameter basically belongs to group 2[ (174.0 AE 35.8) nm].T hese grouped size distributions are explained in the DLS measurement. The calculated circularity was 0.9 (within the 0-1 range;0signifies an irregular shape and 1s ignifies aperfect circle).
In addition, by using STEM we observed the coalescence of uniformly dispersed 2-3 nm AuNPs under the influence of the raster electron beam probe (with ab eam current of % 14.5 pA at 80 kV). About 5.3 %o ft he synthesized AuNPs are in the size range below 15 nm, andt hey are presumably leftoverf rom the unfinished USP process (a smallf raction of the sample, Figure 3a) . The bigger particles (5-8 nm) are mostly round, but they also have defects such as twins.T he overall examined area consists of AuNPs dispersed on the carbon film (Figures S3 and S4). If imaging at lower magnification in the STEM mode,the irradiation dose of the electron beam (e À2 )spreads out over al arge region;a dditionally,i fafast scan rate is used (typically3 -4 ms), the overall dose can be minimized due to the short time the beam spends on each spot. However,a t higher magnification, that is, zoomingi nto the region of interest to atomicr esolution, the scanned area is reduced and the exposure time is increased, whichi ncreases the electron dose rate (e À2 s
À1
). In our case, zooming in to an area of 27 nm 2 with ap ixel size of 0.5 and af rame rate of 1.6 sframe
,t he uniformly distributed AuNPss tart to migrate, rotate, merge, and coalesce by ripening, necking, and reshaping, and this results in the formationo fb iggerA uNPs (Figures 3b,c) .
The initial process occurs very fast and eventually reaches a steady state, at which apparently no more interaction is perceived for al ong time. It was previously reported that damage from electron radiation influences the behavior of such NPs. [64] [65] [66] Depending on the type of bondinga nd the environment, radiolysis or knock-on causes the removal of the capping of the AuNPsa nd leaves ab are surface, which thus promotes contactbetween the neighboring AuNPs. [65] The drift experienced in our observations suggests that the intervening substance between the AuNPsi sr emoved at the momento f observation. The observed process of AuNP growth can be divided into four stages: 1) AuNP movement and rotation; 2) neckingm echanism;3 )orientated attachment at matching facets; [64] 4) subsequentr eshaping or restructuring of the AuNPsb ys urfaced iffusion to lower the surfacee nergy (Figures 3d-i) . During this process, the AuNPs wigglea nd/or reorient to meet similarf acets from other nearby NPs. [65] At this point, "necking" takes place, which facilitates coalescence if the AuNPs are close. On the other hand, the diffusion of single atoms can also promote Ostwald ripening; however,a so bserved, in some cases no coalescence is observed at all, even if the NPsa re very close and already showing signs of necking. Upon zooming out,t wo distinct regions are discerned (Figures 3b,S 3E ,a nd S3 F): one area in whicht he AuNPs remaini n ap ristine shape (the region that was not exposed) and a second area in which bigger and elongated AuNPs are formed (the region in which the beam was rastered for al ongert ime). The proposed model of the occurring process is described in Figures 3j-o (see Video S1, demonstrating the whole phenomenon of coalescence and reshaping). After that, the formation of bigger,h ollow AuNPs occurs.T he exact mechanism of this process was not studied for the currentp aper and is the focus of our future studies, by which we will try to control the size and the ratio betweent he hollow core and the Au shell thickness. In the TEM image showni nF igure S7, one can see the early stage of hollow nanoparticle formation that already provides clues into the process (see additional Video S2).
UV/Vis Spectroscopy
UV/Vis spectroscopy is ar eliable technique for determining the absorbance band and aggregation levels of the synthesized AuNPs. The maximumS PR bands appears at around l max = 528 nm, which clearly suggests as table state. The sharp and narrow band of the curve corresponds to its monodispersed nature without any aggregation ( Figure S2 :UV/Vis).
ICP-OES Analysis
The final concentration of the AuNPs collected in the final state was 210 ppm. Higher concentrations, with values of more than 1000 ppm, were achieved by rotary evaporator technology for further use in testing.
Ion Gas Chromatography
On the basis of ion-chromatography analysis,A uNPs in deionized water with ac oncentration of 210 mg L À1 contain 5.8 mg of NO 3 À ions and 1.5 mg of NO 2 À ions, which is enough to stabilize the solution for more than 9months, assuming the DLS size distribution of groups 1-3. By rough estimation, considering one layer of water covering the NPs and ad iametero f 2.7 foraw ater molecule, it can be concluded that every par- ticle in group 1i sc overed by almost 5300 water molecules, and particles in groups 2a nd 3a re covered by more than 381 500 molecules of water.H owever,W ang and Gunasekaran concluded that two shell-like structures of water molecules were formed aroundt he surface of AuNPs. [21] 
Yield Efficiency of the USP process
Upon using Au(NO 3 ) 3 as ap recursor,t he yield efficiency of the USP process wasc alculated to be 70 %( SectionSF), which is significantly highert han the yield efficiency obtained upon using HAuCl 4 as ap recursor (< 10 %) under the same running conditions. [34] The higher value obtained in the former case can be attributed to the much lower deposition of AuNPs on the transport tubes, impaction, gravitational sedimentation in the transport tubes, diffusiono nto the transport tube walls, turbulence, and thermophoresis.
Conclusions
We achieved in-depthu nderstanding of the chemistry necessary to prepare as oluble and stable water-based Au(NO 3 ) 3 precursor by using HNO 3 and NH 4 OH under reflux conditions. This enabledt he synthesis of uniformly disperse aerosol droplets for the continuous ultrasonic spray pyrolysis (USP) synthesis of gold nanoparticles (AuNPs) and in situ formation of NO 3 À and NO 2 À ions, both of which were caught in deionized water.T he ions played an important role in stabilizing the AuNPs for up to 9months and precluded the use of any external surfactant. We also set up am odel for the mechanism to convert the Au(NO 3 ) 3 precursor into final AuNPs at optimal temperatures for the evaporation and reactionz ones and optimal gas flow rates of the carriera nd reducing agents. It was demonstrated successfully that with lower flow rates of the carrier (H 2 )a nd reducing (N 2 )g ases,t hesea erosold roplets had sufficient residence times to be completely converted into the AuNPs from Au(NO 3 ) 3 .T he observedp henomenaw ere resolved atomically by transmission electron microscopy,b yw hich small-sized AuNPs (2 r < 15 nm) exhibited dynamic coalescence under the influence of the electron beam. The transfer of Au atomsf rom one AuNP to another with the combined phenomenao fn ecking, breaking,c oalescence,a nd reshaping were proposed as the mechanisms for particle growth. Our observations provide important insighti nto the formation/synthesis process of AuNPs. These AuNPsw ill be tested furtherf or different applications.
Experimental Section Materials
Au(NO 3 ) 3 (American Elements, USA, 99.9 %), HNO 3 (65 %, Honeywell Fluka GmbH, Germany), NH 4 OH solution ( % 25 %N H 3 basis, Honeywell Fluka GmbH, Germany), deionized water (purified with the Millipore system), N 2 (99.9 %, Westfalen AG, Germany), and H 2 (99.9 %, Westfalen AG, Germany).
TGA-DT Measurement
Equipment:P erkinElmer TGA-4000. Initial parameters (set standardly): mass of Au(NO 3 ) 3 sample:1 0.5 mg, inert gas:N 2 ,g as flow rate: 20 mL min À1 ,h eating rate:5 0 8Cmin À1 ,t emperature range:5 0-900 8C. The sample was heated in as tandard platinum crucible; temperature accuracy: AE 1 8C, temperature precision: AE 0.8 8C.
DetailedDescription of the Procedure to Increaset he Solubility of Au(NO 3 ) 3 
Magnetic Stirring with Heating
The received Au(NO 3 ) 3 powder was dark brown containing micronsized particles (Figure 1a) . Initially,A u(NO 3 ) 3 (0.1 g) was added to HNO 3 (30 mL) to have aA uc oncentration of 1gL
À1
.T he mixture was stirred for about 1h with subsequent heating up to 60 8C. As the temperature reached about 35 8C, particles began to decompose. At 45 8C, insoluble particles continued to decompose, turning the solution dark brown. At about 55 8C, the degree of decomposition increased;h owever,al arge number of particles started to settle down at the bottom as sedimentation. Finally,s ome particles remained insoluble ( Figure S1 ).
Ultrasonication
Initially,u ltrasonication was started with Au(NO 3 ) 3 (0.04 g) mixed with HNO 3 (20 mL) to have aA uc oncentration of 1gL
À1
.T he factors were 35 %f or the amplitude of the ultrasound, and 0.3 per second for the cycle of application (in percent terms, an ultrasound application cycle of 0.3 per second was equivalent to 30 %). The insoluble solution stayed dense and dark brown and remained in the same state till the temperature reached 60 8C( Figure S1 ).
RefluxB oiling of Au(NO 3 ) 3 with Nitric Acid
Au(NO 3 ) 3 (0.02 g) was added to HNO 3 (10 mL) to have aAuconcentration of 1gL
À1
,a nd the mixture was heated continuously under reflux conditions. After 30 min, the solution appeared to be clear and yellowish in color and completely solubilized. The pH value was in the range of 0t o1 .T his high acid content is not recommended to be used in ultrasonic generators, as it can potentially damage the thin coating of the quartz glass coating on the surface of the nebulizer membranes in the USP instrument. Therefore, the solution was neutralized by adding NH 4 OH (13 mL) to achieve ap H value of 7 ( Figures 1b and S1 ).
The neutralized precursor was kept in small glass bottles at room temperature for about 1month to test its stability.I tw as noticed that the white-colored NH 4 NO 3 salt was formed at the cap opening of the bottle due to its interaction with the atmosphere. This salt formation could cause blockage of the transport tubes in the reaction zones during the synthesis of the AuNPs. Therefore, further investigation of the decomposition behavior at different heating rates and confirmation of complete removal of this salt through TGA-DT was needed ( Figure S5 ). Thus, it could be concluded from the analysis that the decomposition of NH 4 NO 3 at al ow heating rate of 10 8Cmin À1 (this rate was chosen to obtain all the chemical decomposition data) and ahigh heating rate of 50 8Cmin À1 (to simulate the conditions of USP during the synthesis process) occurred in the temperature range of 150 to 350 8C. The reaction zone temperatures during the synthesis of the AuNPs from Au(NO 3 ) 3 were higher than 350 8C, so that the intermediate NH 4 Continuing with the trials for higher Au concentrations under reflux conditions, Au(NO 3 ) 3 (0.01 g) was added to HNO 3 (1 mL) to have aA uc oncentration of 5gL À1 .N H 4 OH (up to % 1.3 mL) was added into the refluxing yellow solution to raise the pH up to 6-7. The solution was diluted further by adding deionized water (1 mL). The solution suddenly became unstable and ab rown precipitate formed, which proved that this method was also inappropriate for use with USP.Apossible cause for the formation of the precipitate could be the increased concentration of HO À ions due to the water and NH 4 OH, which caused instability of the precursor.T o make the solution stable and to reduce the presence of HO À ions, only NH 4 OH could be added for the purpose of neutralization and dilution.
Final Trial
This final trial was performed to test the chemical stability of Au(NO 3 ) 3 with HNO 3 at higher Au concentrations with NH 4 OH only. Therefore, Au(NO 3 ) 3 (0.01 g) and HNO 3 (1 mL) to have aA uc oncentration of 5gL
À1 were mixed continuously under reflux. NH 4 OH (up to 1.3 mL) was added, and the pH was raised to av alue of 7. The refluxing solution was diluted further with NH 4 OH to lower the concentrations and it remained stable.
Final Preparation of the Precursor Solution
Au(NO 3 ) 3 (3 g) was added to HNO 3 (300 mL), and the mixture was heated under reflux conditions. Small aliquots (20 mL) of NH 4 OH (to at otal of 300 mL) were added with continuous stirring and cooling of the yellow precursor.T he solution was neutralized successfully and diluted to afinal Au concentration of 2.5 gL À1 .
Measurement of the Density,Viscosity,and Surface Tension of the Au(NO 3 ) 3 Precursor Solution
Density
Approximated as aw eighted average of constituents on av olume basis. The average calculated density was found to be (1.2 AE 0.3) gcm
À3
.
Viscosity
AF ungilab Smart Series Rheometer with al ow viscosity adapter (LCP/B) (Barcelona, Spain) was used to determine the viscosity of the Au(NO 3 ) 3 precursor.T he average calculated value was (2.1 AE 0.1) MPa s.
Surface Tension
Determined with the Wilhelmy plate method with aK RŰ SS K12 tensiometer.Aplatinum plate was suspended vertically and immersed into the liquid. The surface tension was calculated from the contact angle and the force, which correlates with the surface tension and the length of wetting. Measurements were repeated three times for every sample, and in one repeat, ten measurements were made. The calculated value was (41.6 AE 0.2) mN m
À1
USP Process Equipment
The trial, as well as the final run, for the synthesis of AuNPs were performed on ar edesigned modular USP located at the IME Institute of Process Metallurgy and Metal Recycling, RWTH Aachen, Germany ( Figures 1c and S1 :U SP). It comprised the following main parts:u ltrasonic generator,e vaporation zone, reaction zone, collection bottles, and transport tubes. It was redesigned for separating the heating zones into two, maintained at T 1 and T 2 respectively. An ultrasonic aerosol generator (Gapusol, RBI France with piezoelectric transducer membrane, having af requency of 1.6 MHz and intensity 0-9) was used to generate aerosol droplets of the precursor.T hese aerosol droplets were then transported through aquartz tube (length = 28 cm and diameter = 2cm) to the heating zones of the equipment. Dry N 2 was used as the carrier gas, and H 2 was used for reduction into the final AuNPs. The collection bottles contained deionized water as as olvent. Transport of the aerosol into the evaporation zone was recorded with ad igital camera (NIKON COOLPIX P500) placed at the end point of the reaction zone.
Synthesis of AuNPs with USP

USP Trial 1
The final Au(NO 3 ) 3 precursor was used with the following parameters, as mentioned in Ta ble 2. The collection bottles were transparent, thereby implying no formation of AuNPs ( Figure S1 ). Possible reasons could be al ow reaction temperature (400 8C) and low residence time (i.e. 2.4 s).
USP Trial 2
The reaction temperature was increased to 500 8C( Figure S1 ) and the gas flow rates were decreased to 1.5 Lmin À1 to achieve longer residence times (3.1 s). Still, the collection bottles were transparent, implying no formation of AuNPs. 
USP Trial 3
The reaction temperature was increased further to 600 8C ( Figure S1 ), whereas the flow was decreased to 1Lmin
À1
.T he collection bottles showed ap ink-colored solution, indicating the formation of AuNPs.
Final Set of Experiments
The final experiments were performed with the same parameters as those determined by USP trial 3. Theoretical measurement of the aerosol droplets of the precursor was calculated to be 2.3 mm.
CharacterizationT echniques of AuNPs
DLS and z Potential Measurements
The size distribution and z potential of the AuNPs were investigated at 25 8Cb ym eans of DLS by using aM alvern Zetasizer Nano ZS scattering apparatus (Malvern Zetasizer Nanoseries Instruments Ltd.,W orcestershire, U.K) and ac olloidal suspension of the AuNPs. The size distribution was measured with disposable plastic cuvettes, and the z potential was measured by ad ip cell provided with electrodes. The initial parameters for the measurements were: refractive index = 0.2, absorptivity = 3.3;d ispersant properties: water temperature = 25 8C, equilibration time:2 5s,m easurement angle:1 738 backscatter;p article-size measurements:a ccuracy: better than AE 2% on NIST traceable latex standards, precision/repeatability:b etter than AE 2% on NIST traceable latex standards, z potential measurements:a ccuracy À0.12 mmcmV À1 s À1 for aqueous systems using NIST SRM1980 standard reference material.
TEM and EDXS pectroscopy
The morphology and crystal structure of the AuNPs were investigated by conventional TEM (JEOL 2100, JEOL ARM CF), STEM (JEOL ARM CF), electron diffraction (ED/TEM;J EOL 2100, JEOL ARM CF), and EDX spectroscopy/TEM (JED 2300). Ad rop of ac olloidal suspension of AuNPs in deionized water was pipetted onto ac arboncoated TEM copper grid of 200 mesh and was dried in air at room temperature ( Figure S6) . Then, the dried sample of the AuNPs on a TEM grid was transferred to the TEM and analyzed with an 80 kV electron beam under high vacuum.
Measurement of Size and Circularity through TEM
The size and circularity measurements of the AuNPs were done with the help of TEM images in the following mentioned procedure. Am inimum of 200 discrete AuNPs were measured from widely separated regions of the two samples to measure the size and circularity of the AuNPs from the TEM images according to Standard ISO 13322-1: 2004. An ImageJ software tool was used for the data analysis algorithm.
UV/Vis Spectroscopy
The spectra of ac olloidal solution of AuNPs were obtained by using quartz cells with aV arian Cary 100 Scan UV/Vis spectrophotometer.T he initial parameters were:a bsorbance scan range: l = 300-700 nm, number of reads = 5. Photometric accuracy for standard solution methods: AE 0.01 Abs, wavelength accuracy at l = 656.1 nm: l AE 0.02 nm, wavelength accuracy at l = 486.0 nm: l AE 0.04 nm.
ICP-OES
Used for Au 3 + quantification (i.e. concentration of Au in the AuNPs) in deionized water.P rior to analysis, samples were diluted tenfold with deionized Milli-Q water (purity 18 MW cm) and were acidified with aqua regia (5 %, v/v). Single element standard solutions (Merck, Darmstadt, Germany) were used for calibration. Analysis was performed by using an ICP mass spectrometer (Agilent, 7500ce, equipped with ac ollision cell) under the operating conditions:R Fp ower: À1.5 kW,s ample depth:8mm, nebulizer:M einhard, plasma gas flow: À15 Lmin
À1
,n ebulizer gas flow: À0.8 Lmin 
Ion Chromatography
Before the measurements, the sample solution (pH of the sample solution was 5.4) was diluted tenfold with deionized water with a resistivity of 18 MW cm, obtained from aM illi-Q water purification system (Millipore, Bedford, MA, USA). For NO 2 À and NO 3 À determination, an ionic chromatography system Dionex, ICS 3000 was used under the following experimental conditions:e luent:2 3mm KOH, eluent source:E GC-KOH II cartridge, flow rate:1mL min À1 , temperature:308C, detection:suppressed conductivity,suppressor: Dionex ERS 500, 4mm; auto-suppression recycle mode, columns: Dionex IonPac AG 18 (4 50 mm) (precolumn) and Dionex IonPac AS 18 (4 250 mm), injection volume:5 0mL, pump flow rate precision: < 0.1 %, pump flow rate accuracy: < 0.1 %.
Statistics and Diagrams
Data are presented as ar epresentative experiment or as am ean AE SD of at least three independent experiments. The differences between control experimental samples were analyzed by using the Kruskal-Wallis test with Bonferroni posttest, and values at p < 0.05 or less were considered to be statistically significant. Origin Pro 8 was used for plotting the graphs and figures.
